Extensive studies have reported cognitive abnormalities in neurodevelopmental disorders, such as autism spectrum disorder (ASD). Another line of evidence suggests that stress also affects cognitive functions. In this study, we investigated whether there were associations between stress hormones and cognitive functions in ASD and typically developing (TD) children. Cognitive functions in ASD and typically developing (TD) children were evaluated with a battery of psychological tests for working memory, behavioral flexibility, and social cognition for emotional assessments of others. ASD children exhibited higher hair and salivary cortisol, which reflects chronic and acute stress hormone levels of subjects, respectively, than TD children.
Introduction
Autism spectrum disorder (ASD) is a childhood-onset, neurodevelopmental disorder whose major symptoms involve social communication problems (Lai et al., 2014, Lord and Bishop, 2015) . Cognitive dysfunction has been suggested to underlie a part of reasons that causes such social communication problems in this disorder (Frith, 2012 , Brunsdon and Happe, 2014 , Leung et al., 2015 . Indeed, studies have reported that individuals with ASD exhibit deficits in both social and non-social domains of cognitive functions, including working memory (Bennetto et al., 1996 , Williams et al., 2005 , behavioral flexibility (Hill, 2004 , Yasuda et al., 2014 , and facial emotion recognition (Uljarevic and Hamilton, 2013) , although these findings are often controversial. For instance, a number of studies have demonstrated working memory deficits in ASD individuals (Bennetto et al., 1996 , Steele et al., 2007 , Jiang et al., 2014 , whereas others found no such deficits (Russell et al., 1996 , Ozonoff and Strayer, 2001 , Sinzig et al., 2008 . These inconsistent findings are suggested to be associated with working memory types (e.g. spatial vs. verbal) (Williams et al., 2005) or ages (e.g. more prominent deficits in adolescence, but not earlier or older ages) (Barendse et al., 2013) .
It has also been reported that working memory deficits are observed only in a subset of ASD children (de Vries and Geurts, 2014) . Several studies have demonstrated behavioral flexibility deficits (Hill, 2004 , Yasuda et al., 2014 , but other studies failed to find such deficits (Robinson et al., 2009 , Poljac et al., 2010 , which may partly be associated with gender difference (Memari et al., 2013) . Moreover, Kenworthy and colleagues have reported administration methods (human-based vs. computer-based) are the factor that determine whether behavioral flexibility deficits can be observed or not (Kenworthy et al., 2008) , although a counter study by Williams and Jarrod has demonstrated no such method-based difference (Williams and Jarrold, 2013) .
Cognitive functions have been shown to be affected by environmental factors, such as stress, especially when stress are severe, and chronically given (Lupien et al., 1999 , Schoofs et al., 2008 . Although it is currently unclear whether stress hormone measurements are always reflective of stress experience, such cognitive dysfunction caused by stress is likely to be associated with elevated stress hormones, as acute and chronic exogenous applications of stress hormones induce cognitive deficits similar to those induced by stress exposures in humans and animals (de Kloet et al., 1999 , Lupien et al., 2007 . Due to difficulty to cope with change, anticipation, sensory stimuli and unpleasant events in their daily life, ASD individuals are thought to experience more stress than normal subjects (Gillott and Standen, 2007) , although ASD individuals may also develop adaptive skills at certain extents. Accumulating evidence also suggests that acute stress hormone level and stress response are altered in ASD. A study has shown higher salivary stress hormones in ASD than typically developing (TD) children (Putnam et al., 2015) . In addition, heightened (Spratt et al., 2012) or blunted (Hollocks et al., 2014) stress hormone response to stress exposure has been reported in ASD children, which could associated with irritability (Mikita et al., 2015) and anxiety (Hollocks et al., 2014 , Bitsika et al., 2015 of subjects. Since ASD individuals have also been shown to exhibit heightened anxiety compared to normal subjects (White et al., 2009) , and higher degrees of trait anxiety is associated with elevated stress hormones (Takahashi et al., 2005) , ASD subjects may exhibit higher chronic stress elevation than normal, which in turn may yield significant influence on cognitive dysfunction in ASD. However, whether ASD subjects exhibit increased chronic stress hormone level has remained elusive.
Collectively, we hypothesized that ASD subjects might exhibit acute and chronic stress hormone elevations. Moreover, some aspects of cognitive dysfunction observed in ASD subjects might be associated with such stress hormones, particularly chronic elevation of stress hormones. To examine this hypothesis, we conducted a battery of psychological tests in the middle aged ASD and TD children to examine multiple domains of cognitive function, i.e. working memory, behavioral flexibility, and social cognition. Then, we conducted correlation analyses between performance of each cognitive test, an anxiety scale, and stress hormones.
Experimental Procedures Subjects
This study was conducted in accordance with the Declaration of Helsinki. All experimental protocols were approved by the Human Research Ethics Committee.
Written informed consents were obtained from the parents of all participants. Written informed ascents were also obtained from participants, except a few cases in which written informed ascents were not able to be obtained due to insufficient ability to understand the explanation.
Thirty four ASD children (30 males, 4 females), who were diagnosed as ASD in the clinics, were recruited, among which 20 participants (16 males, 4 females) could complete all experimental procedures, whereas others could only partially accomplish them (Table 1 , 2). Full-scale intelligence quotient (FIQ) of ASD children was 96.4 ± 3.57, ranging from 55 to 129 (Table 1) . Twelve age-matched TD children without any history of psychiatric or neurological conditions were also recruited (Table 1) . In TD children, all experimental procedure were conducted in all, but one male subject from whom saliva and hair samples for stress hormone assay was unable to be obtained, and therefore data analysis was conducted with 11 TD children. Two paper-based questionnaires were conducted; autism spectrum quotient (AQ) in Japanese translation (Baron-Cohen et al., 2001 , Wakabayashi et al., 2006 and Spence children's anxiety scale parent version in Japanese translation (SCAS) (Nauta et al., 2004 , Ishikawa et al., 2009 ) for assessments of anxiety. The SCAS consisted of six axes of anxiety, which were I. separation; II. sociality; III. obsess; IV. panic; V. injury; and VI. generalized anxiety.
Stress Hormone Assay
Cortisol in saliva (sCORT) (Cooper et al., 1989) and hairs (hCORT) (Davenport et al., 2006) was measured with enzyme-linked immunosorbent assay (ELISA) as acute and chronic stress hormone levels, respectively, of ASD and TD children. Before a subject participated in cognitive tests, approximately 1~2 ml of saliva was collected using children's swabs (Catalog #5001.6; Salimetrics, Carlsbad, CA). To examine whether participation to the cognitive tasks affect stress level, saliva was also collected immediately after completion of all tasks. All salivary samples were collected in the afternoon (between 1:00pm and 6:00pm). Studies have shown that stress hormones are accumulated into hairs during growth, with approximately 1 cm of hairs reflecting the past 1 month of stress hormone accumulation (Meyer and Novak, 2012) . Thus, approximately 100~200, 3~5 cm long of hairs were sampled from each subject before or after cognitive tests. All samples were stored in the freezer until the days of processing for ELISA.
For salivary samples, swabs in falcon tubes were centrifuged at 3,000 rpm for 15 min. The extracted saliva from the swabs were further processed according to the manual of the ELISA cortisol assay kit from Salimetrics (Catalog #1-3002). For hair samples, extraction of stress hormones was conducted according to the method described by Davenport et al. (Davenport et al., 2006) . Briefly, hairs were put into 15 ml falcon tubes, and washed 3 times with 5 ml of isopropanol by gently shaking the tubes for 3 min per wash. Then, the hairs were dried for 5 days under the fume food.
Once the hairs were dried, they were cut into small pieces (approximately 1~2 mm), and 50 mg of the samples were put into the 1.5 ml centrifuge tubes with 1 ml of methanol.
Tubes are incubated under the fume food for 24 hours, followed by centrifugation for 30 seconds. 0.6 ml of methanol that contained the extracts was aliquoted into another tube and dried under the fume hood until methanol was evaporated. The dried extracts were then reconstituted with 0.4 ml of phosphate buffer, and processed according to the manual of the ELISA cortisol assay kit from Salimetrics. After processing, ELISA plates were read using iMark microplate Reader (Bio-rad, Hercules, CA).
Cognitive tasks
A battery of cognitive tasks, consisting of (i) spatial (WMT-S) and object (non-spatial; WMT-O) working memory test; (ii) reading the mind from the eyes test (RMET); and (iii) Wisconsin card sorting test (WCST) to test behavioral flexibility, was conducted to examine relationships between cognitive functions and stress hormones in ASD and TD children. These cognitive tasks, each of which took approximately 10~20 min for completion, were given consecutively to a subject in one day. We selected cognitive tasks to examine working memory, behavioral flexibility, and social cognition, based on previous studies reporting hat these cognitive functions are suggested, but with controversial evidence, to be impaired in ASD.
(i) WMT-S and WMT-O were conducted in the delayed choice paradigm (Fig. 1 ). In this test, pictures of 3 different fruits (pseudo-randomly selected from 12 different fruits) that were located in one of 9 segments for each fruit were presented for 1 second on the computer screen (sample phase). Then, after a delay period of either 1, 5, or 15 seconds, another set of 3 fruits was presented (test phase) in which one of the fruits that had been shown in the sample phase was relocated in a different segment, and another fruit that had been shown in the sample phase was replaced with new one that was not previously shown. The test consisted of 24 trials, with 8 trials each for 1, 5, and 15 second delays. Trials with different length of delays were pseudo-randomly given. A subject answered orally by naming the fruits that were relocated into another segment and replaced with new one. Percentages of correct responses for each delay length were recorded.
(ii) Social cognition was examined by RMET. In this test, photographs of the eyes that were modified from the images of facial affects (Ekman, 1993) (iii) Behavioral flexibility was examined using WCST. We utilized a computer version (Keio F-S version) of the test developed by Kashima and colleagues (available on-line at http://cvddb.med.shimane-u.ac.jp/cvddb/user/wisconsin.htm) (Kashima and Kato, 1995, Kado et al., 2012) . Percentages of perseverative errors of the Nelson (%PEN) and Milner (%PEM) types were recorded.
Data Analysis
Multiple regression and linear regression analyses were conducted to examine correlations between measurements. Receiver operating characteristic (ROC) analysis was conducted for AQ, sCORT and hCORT to discriminate between ASD and TD children. All, but ROC, statistical analyses were conducted using the statistical analysis software, Statistica (StatSoft, Tulsa, OK, USA). ROC analysis was conducted using the software, OriginPro (OriginLab, Northampton, MA, USA).
Results

Associations between AQ, SCAS, and CORT
AQ was significantly higher in ASD children than that in TD children (unpaired t-test, t 41 =6.23, p<0.001; Fig. 2A ). In contrast, the scores of all six SCAS axes combined (SCAS-total) in ASD children was not different from those in TD children (t 41 =0.597, p=0.553; Fig. 2B ). A statistically significant positive correlation was observed between AQ and SCAS-total in ASD ( Fig. 2E ) and TD ( Fig. 2H) children. In addition, a correlation was also observed between AQ and each axis, except social anxiety, of the SCAS in ASD children (Table 3) . Correlations between AQ and several axes including social anxiety were also observed in TD children (Table 3) .
We examined sCORT and hCORT to address acute and chronic stress hormone elevations, respectively. hCORT (t 37 =2.58, p=0.014; These results suggest that ASD children with stronger ASD symptoms may exhibit larger acute and chronic stress hormone elevations and stronger anxiety except that associated with sociality. In addition, such acute and chronic stress hormone elevations could reliably predict ASD.
WMT performance and its associations with AQ, SCAS, FIQ, and CORT
Correct responses tended to decrease with increases of delay lengths in the WMT-O (two-way ANOVA with repeated measures, F 2,66 =1.77, p=0.178 for delays [1 vs. 5 vs. Multiple regression analyses were conducted to examine which factors contributed to WMT performance. In ASD children, hCORT, but none of AQ, SCAS, FIQ, and sCORT, was significantly associated with WMT-S performance (percentages of correct responses averaged across all delay conditions; Table 4), although with Bonferroni correction (p<0.01), this did not reach statistical significance. However, when Type II error was considered by testing the null hypothesis with nonparametric regression analysis for hCORT vs. WMT-S performance, a significant correlation was still observed between these factors (Kendall's τ=-0.308, Z=-2.06, p=0.040). In contrast to ASD children, a correlation between WMT-S performance and hCORT was not observed in TD children; however, a significant correlation was found between WMT-S performance and SCAS in these children (Table 4) . No correlation was observed between WM-O performance and any factor in both ASD and TD children (Table 4) .
Since the correlation between hCORT and spatial working memory did not resolve a causal relationship, whether chronic stress hormone elevation impairs spatial working memory, or conversely, cognitive impairments cause chronic stress hormone elevation, has remained unclear. If cognitive impairments are the source of chronic stress in ASD children, participation to the cognitive tasks is expected to incur more stress, which is then reflected as larger sCORT increase than that in TD children.
Moreover, such sCORT increase, if there is any, after participating to the cognitive tasks may also be correlated with WMT-S performance, with worse WMT-S performance correlating with larger sCORT increase. To address this issue, we examined the difference of sCORT before and after the cognitive tasks in ASD and TD children.
ASD (paired t-test, t 22 =3.468, p=0.002; Fig. 3B ), but not TD (t 10 =0.627, p=0.545; Fig.   3B ), children exhibited significant reduction of sCORT after the tasks. Moreover, WTM-S performance was not correlated with sCORT difference in both ASD and TD children (Fig. 3C) , suggesting that cognitive impairments may have relatively little influence on chronic stress hormone elevation in ASD children.
These results suggest that spatial, but not non-spatial, working memory may be correlated with elevated chronic stress hormones in ASD children.
RMET performance and its associations with AQ, SCAS, FIQ, and CORT
The percentage of correct responses of the RMET in ASD children was significantly lower than that in TD children (two-way ANOVA, F 1,204 =13.4, p<0.001 for subjects; Fig.   4A ). When performance was further examined separately for each emotional domain of the RMET, assessments of fear and disgust were significantly worse than other emotional states both in ASD and TD children (F 5,204 Fig. 4B ). Although TD children tended to perform better for each emotional domain than ASD children, the performance did not reach statistical difference in any single domain (Fig 4B) .
Multiple regression analyses have revealed no correlation between RMET performance and any of AQ, SCAS-total, FIQ, hCORT, and sCORT in both ASD and TD children (Table 5) . However, when linear regression analyses were conducted for each domain of the RMET, performance on assessment of disgust was negatively correlated with AQ in ASD children (Table 6 ).
These results suggest that ASD children may have deficits on recognition of negative affects such as fear and disgust from the eyes of other persons. However, such deficits may not be associated with stress hormones.
WCST performance and its associations with AQ, SCAS, FIQ, and CORT %PEN (t 33 =0.168, p=0.868; Fig. 5 ) and %PEM (t 33 =0.035, p=0.973; Fig. 5 ) in the WCST were not different between TD and ASD children. In addition, no correlation was observed between either %PEN or %PEM and any of AQ, SCAS-total, hCORT, and sCORT in both ASD and TD children ( Table 7) .
Influences of age and gender on cognitive tests in ASD children
We have conducted additional analyses to examine whether stress hormones and performance of the cognitive tasks might depend on age and gender of the subjects.
Neither of these factors was found to significantly contribute on any of the cognitive tasks and stress hormones (Fig. 6A-L) . In addition, nonparametric regression analysis for hCORT vs. WMT-S performance was conducted separately for sex and age. In male ASD samples, a significant correlation was still observed (Kendall's τ=-0.375, Z=-2.24, p=0.025). Analysis could not be conducted in female ASD samples as sample size was too small. When ASD children were divided into two groups based on age, one with younger than 10 years old, and the other with older than 12 years old, nonparametric regression analysis for hCORT vs. WMT-S performance did not reach to statistical significance in both groups (>10 years old, Kendall's τ=-0.265, Z=-0.917, p=0.359; >12 years, Kendall's τ=-0.288, Z=-1.50, p=0.134), which would be primarily due to smaller sample sizes when divided into two groups.
Discussion
In this study, we found that ASD children were more anxious and exhibited elevated acute and chronic stress hormones than TD children. These stress hormone elevations in ASD children were higher with stronger symptoms (higher AQ scores). None of ASD and TD children participated in this study at this time have been diagnosed with anxiety disorders by clinicians. Indeed, anxiety scale such as SCAS was not different between TD and ASD children. However, the correlation between AQ and SCAS observed in this study may still comply with higher degree of comorbidity with anxiety disorders in ASD subjects (van Steensel et al., 2013) . Chronic stress hormone level was also correlated with spatial working memory performance in ASD children. On the other hand, other cognitive functions such as assessments of emotional states of others from the eyes was also found impaired in ASD children. However, stress hormone levels were not correlated with this deficit. Therefore, these results suggest that spatial working memory deficits observed in ASD subjects may have relationships with elevated chronic stress hormones in addition to primary pathological changes.
This study has a number of limitations, and the results should be cautiously considered under these limitations. One such limitation is that the study was conducted with a relatively small number of participants. For instance, we conducted ROC analysis to measure the predictive value of stress hormones as biomarkers to discriminate between ASD and TD children. However, in having small sample numbers in both ASD and TD groups, the current ROC analysis does not suggest the use of this measure as a component of diagnosis. Thus, replications with a larger number of samples with additional investigation for stress responses in ASD await in future studies. In addition, we have not examined stress response in this study. Instead, we examined hair and salivary stress hormone elevations, which have been suggested as biomarkers of acute and chronic stress, but it has not been established that such measures can be used to reflect chronic stress in people with ASD. Thus, our study did not specifically examine chronic stress effects on cognitive functions. Instead, we investigated stress hormone differences between ASD and TD children, and the relationship of stress hormones to cognitive functions. Indeed, stress hormones can have an impact on cognitive functions without invoking the concept of stress. Thus, in ASD, it may be possible that stress hormone regulation mechanisms are abnormal, such that even without stress exposure, stress hormones could be constantly elevated.
Animal studies have shown that chronic stress impairs spatial working memory (Murphy et al., 1996 , Mizoguchi et al., 2000 . Spatial working memory has been also reported to be sensitive to stress hormones in normal adult humans (Lupien et al., 1999) .
Thus, the finding of a correlation between hair (chronic) stress hormone elevation and performance of spatial working memory in ASD children was somewhat expected, although we did not find a correlation between salivary (acute) cortsiol level and working memory performance. Such a correlation between hair cotrisol and spatial working memory performance was not observed in TD children, suggesting that stress hormone associations with cognitive functions may be relatively negligible in TD children. Importantly, elevations of chronic stress hormones, which may be associated with symptoms, have been quite often ignored in consideration of cognitive deficits in psychiatric and neurodevelopmental disorders.
Along with the main findings, we have also noticed some additional characteristic features of ASD children in the SCAS and emotional eye recognition. In the SCAS, scores except that of the sociality domain were correlated with the AQ scores in ASD, but not TD children. This is of particular interest, given that the finding is consistent with the suggested core problem of ASD in sociality (Lord and Bishop, 2015) .
Thus, social difficulty found in ASD appears to be the core to the disorder that is independent from heightened anxiety. Another finding is that, although children with ASD were worse on recognizing emotional states of other persons from the eyes than TD children, such problems were quite marginal, and both ASD and TD children exhibited a similar trend of difficulties on recognizing emotional states of others, with worse recognition of negative affects such as fear and disgust than positive affects. This is, however, still consistent with such studies showing that ASD children are less attentive to adults showing negative affects such as fear (Sigman et al., 1992) , and have problems in recognizing negative, but not other, facial affects (Ashwin et al., 2006) .
On the other hand, a recent meta-analysis by Uljarevic and Hamiltion with 48 emotional recognition studies have reported that ASD individuals exhibit difficulties in recognizing all of sadness, anger, surprise, fear, disgust, and happiness (Uljarevic and Hamilton, 2013) . Cultural and ethnic backgrounds have been shown to influence facial emotion recognition (Shioiri et al., 1999 , Derntl et al., 2012 . Therefore, it is also possible that any difference found in this study with the RMET from other studies may have to consider under such cultural and ethnic backgrounds.
Conclusion
In conclusion, our study has shown that chronic stress hormones are elevated in ASD, and such elevated chronic stress hormones are correlated with working memory performance. Therefore, the results raise a possibility that some aspects of cognitive deficits in ASD may be associated with secondary factors such as chronic stress hormones. Thus, ASD studies investigating cognitive dysfunction and underlying biological mechanisms should be cautiously interpreted upon ruling out such chronic stress hormone effects.
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